In contrast to the distal half of the long arm of chromosome 21, the proximal half of approximately 20 megabases of DNA, including 21q11-21 bands, is low in GC content, CpG islands, and identified genes. Despite intensive searches, very few genes and cDNAs have been found in this region. Since the 21q11-21 region is associated with certain Down syndrome pathologies like mental retardation, the identification of relevant genes in this region is important. We used a different approach by constructing microdissection libraries specifically for this region and isolating unique sequence microclones for detailed molecular analysis. We found that this region is enriched with middle and low-copy repetitive sequences, and is also heavily methylated. By sequencing and homology analysis, we identified a significant number of genes͞cDNAs, most of which appear to belong to gene families. In addition, we used unique sequence microclones in direct screening of cDNA libraries and isolated 12 cDNAs for this region. Thus, although the 21q11-21 region is gene poor, it is not completely devoid of genes͞cDNAs. The presence of high proportions of middle and low-copy repetitive sequences in this region may have evolutionary significance in the genome organization and function of this region. Since 21q11-21 is heavily methylated, the expression of genes in this region may be regulated by a delicate balance of methylation and demethylation, and the presence of an additional copy of chromosome 21 may seriously disturb this balance and cause specific Down syndrome anomalies including mental retardation.
The proximal half of the long arm of human chromosome 21, 21q11-21, is a unique chromosomal region in the human genome. This region contains approximately 20 megabases (Mb) of DNA and includes a large dark band of 21q21, plus a small light band of 21q11.2 and the centromeric region 21q11.1. The 21q11-21 region is known for: (i) late replication, (ii) DNase insensitivity, (iii) low activity in recombination and transcription, (iv) fewer natural and induced breakpoints, (v) low GC content and few CpG islands (1) (2) (3) (4) (5) , (vi) association with Down syndrome (DS) pathologies, including mental retardation (6) , and Usher syndrome type I (congenital hearing loss) (7) .
Despite intensive efforts, the 21q11-21 region has been refractory to detailed molecular analysis, partly due to the difficulty in isolating adequate molecular probes by conventional molecular cloning, and also due to the lack of effective gene identification and cDNA isolation procedures. For example, plasmid and phage clones isolated from chromosome 21 were mapped largely to the distal half of the long arm of chromosome 21, including 21q22.1-q22.3 bands (8) (9) (10) . Also, yeast artificial chromosome clones with large inserts from 21q11-21 were found to display large gaps, indicating the presence of unstable sequences (11) . In addition, an exhaustive search for cDNAs by hybridization selection procedure using 15 yeast artificial chromosome clones representing a significant portion of 21q11-21 failed to find any expressed genes or cDNAs (12) . Similar frustrating experiences were also reported by others (13) (14) (15) . Thus, this region has been thought to be extremely gene poor or genetically ''dead. '' In this study, we used a different approach to isolating useful genomic probes and potential genes from the 21q11-21 region. Employing our previously developed and improved microdissection and MboI linker-adaptor microcloning techniques (16) (17) (18) (19) , we constructed four microdissection libraries specifically for this region and isolated large numbers of unique sequence microclones. We then sequenced the microclones and searched in databases to identify homologies with known genes and cDNAs. We also used unique sequence microclones in direct screening of cDNA libraries to isolate cDNAs for this region. Here we report that after analyzing more than 2,500 microclones from these libraries we surprisingly found that this region is enriched with middle and low-copy repetitive sequences (Ͼ40%), which may be a hindrance to the isolation of regions corresponding to coding sequences by methods like cDNA hybridization selection. By sequencing and homology analysis, we identified a significant number of genes and cDNA correspondences from 21q11-21. This is contrary to the general belief that this region is extremely deficient in genes. We also found that this region is heavily methylated. Thus, the expression of the genes in this region may be regulated by a delicate balance of methylation and demethylation, and the presence of an additional copy of chromosome 21 may seriously disturb this balance and cause specific DS anomalies including mental retardation.
MATERIALS AND METHODS
Chromosome Microdissection and MboI Linker-Adaptor Microcloning. Giemsa-trypsin banded metaphase chromosomes from human lymphoblast cell line GM03714 (46, XX, Cell Repository, Camden, NJ) were used in microdissection of the 21cen-q21 region using our standard techniques (16) (17) (18) (19) . Twenty-chromosome fragments were microdissected and pooled in a microdrop of proteinase K solution of 5 nl, which was overlayered with paraffin oil to prevent evaporation. The pooled chromosome fragments were digested with proteinase K, extracted three times with phenol, cleaved with either MboI or Sau3A, ligated to an MboI linker-adaptor. All these steps were carried out in nanoliter microdrops visualized through a microscope and aided by a de Fonbrune micromanipulator, as described (16) (17) (18) (19) . The ligated sequences were transferred to a 200-l microtube and amplified for 15 cycles by the polymerase chain reaction (PCR) using the 20-mer sequence of the MboI linker-adaptor molecule as primer (16) . After PCR, samples were taken from the resulting PCR products and amplified again for 20 additional cycles to make a final DNA library.
Construction of Microdissection Libraries and Isolation of Unique Sequence Microclones. Four microdissection libraries were constructed using (i) either MboI or Sau3A as cleavage enzymes for microcloning and (ii) either DH5␣ or DH10B (BRL) as host cells for transformation. After transformation, white colonies were isolated and hybridized to 32 P-labeled total human DNA to identify unique or repetitive sequence inserts in microclones. The conditions for colony hybridization were set to detect microclones with highly repetitive sequences. Colonies with no or very weak hybridization signals, presumably unique or low copy number sequences, were isolated for further analysis.
Analysis of Unique Sequence Microclones. Unique sequence microclones were analyzed for insert size, human genomic HindIII hybridizing fragment size, human origin, and chromosome 21 specificity. In these analyses, Southern hybridization was used in which labeled microclones were hybridized to DNAs from (i) human (GM03714), (ii) human͞ mouse cell hybrid WAV17 containing a single human chromosome 21 or human͞Chinese hamster cell hybrid R451 (strain R451-29c-5) containing a single human chromosome 21 (provided by Carol Jones, Eleanor Roosevelt Institute), and (iii) mouse A9 or Chinese hamster CHO-K1 cells, as described (16) (17) (18) (19) .
Refined Regional Mapping of Microclones to Subregions of 21q11-21. Refined regional mapping of microclones to subregions of 21q11-21 was carried out using the following human͞Chinese hamster cell hybrids kindly supplied by David Patterson (Eleanor Roosevelt Institute), as described (20): (i) JC6, (ii) ACEM, (iii) 6918, (iv) 6;21 (R50-3), (v) 4;21 (GA9-3), (vi) 3;21 (9528C-1), and (vii) 1;21 (1881C-13b). Southern hybridization was used for all these regional mapping studies (10) .
Methylation Analysis in 21q11-21. Methylation sensitive enzyme HpaII and its methylation insensitive isoschizomer MspI were used in the methylation analysis of the genomic regions flanked by these enzyme sites. HpaII can recognize and cleave the CCpGG sequence in which the C residue preceding G is not methylated, but cannot cleave the sequence if the C in CpG is methylated. MspI can cleave the CCpGG sequence regardless of the methylation condition in the C. In these studies, individual unique sequence microclones were labeled and hybridized to total human DNA cleaved with either HpaII or MspI to detect differences in genomic fragment sizes resulting from methylation at the HapII site.
DNA Sequencing. Applied Biosystems automated sequencer 373 was used for sequencing of microclones. Plasmids or amplified inserts from microclones were purified for sequencing. The Applied Biosystems PRISM cycle sequencing reaction kits with ampliTaq DNA polymerase FS (Perkin-Elmer) were used for sequencing reactions.
Identification of Human Genes and cDNAs by Sequence Homology Search in Databases. Sequences from microclones were searched for homology with known genes and cDNAs using the BLAST searching strategy for DNA and protein searches (21) . The cutoff P value was Ͻ1.0e-16 for both DNA and protein sequences. Microclones with homologies to gene sequences in DNA (BLASTN) only, but not in protein (BLASTX), were not included in Table 1 . Similarly, microclones homologous to genomic sequences like cosmids, sequence-tagged sites, tandem repeats, etc., were not included.
Direct Screening of cDNA Libraries Using Unique Sequence Microclones from 21q11-21. The insert from each unique sequence microclone was individually amplified, pooled in groups of 10 microclones per group, labeled, and used as probes to screen a fetal brain cDNA library (CLONTECH). About 1-2 ϫ 10 6 plaque-forming units of cDNA were screened with each group of probes. After hybridization, positive plaques were isolated and purified by secondary and tertiary screening, as previously described (22) .
Northern Blot Analysis of Microclones. Multiple tissue Northern blots from CLONTECH (both fetal and adult tissues) were used to hybridize to cDNAs isolated by direct screening according to manufacturer's instructions.
RESULTS
Construction and Characterization of Microdissection Libraries for 21q11-21. Four microdissection libraries were constructed using 20 dissected chromosome fragments from 21q11-21 for each library. According to the combinations of the enzymes and bacterial hosts used, these libraries were designated as: (i) MA library (MboI͞DH5␣), (ii) MB library (MboI͞DH10B), (iii) SA library (Sau3A͞DH5␣), and (iv) SB library (Sau3A͞DH10B). Colony hybridization of over 2,500 microclones from the 4 libraries showed that 40-50% (mean 46%) of the clones contained highly repetitive sequences. The insert sizes ranged between 50-600 bp (mean 300 bp). More than 80% of the microclones were shown to derive from chromosome 21 by Southern hybridization. Southern Hybridization Analysis of Unique and Low-Copy Sequence Microclones. After colony hybridization, which removed about 46% of the highly repetitive sequence microclones, we isolated more than 1,000 microclones from the remaining 54% of the microclones that exhibited no or light hybridization to total human DNA, presumably containing unique or low-copy sequences. In Southern hybridization analysis, we found that these microclones exhibited the following hybridization patterns, as shown in Fig. 1 : (i) 12% of the microclones contained unique sequences that displayed unique bands in both human and chromosome 21 (usually 1 band was found but occasionally 2 bands were present, which could result from the presence of an HindIII site within the insert) ( Fig. 1 A and B) ; (ii) 18% contained low-copy sequences showing multiple bands (2 or 3 to 20) or light smear in total human DNA and unique or multiple bands in chromosome 21 ( Fig. 1 C-F) ; (iii) 24% contained middle repetitive sequences that escaped detection in our colony hybridization procedure designed to identify highly repetitive sequences; this class of microclones exhibited relatively dark smear in human DNA but unique or multiple bands or smear in chromosome 21 ( Fig. 1 G-I) .
Evolutionary Conservation in Rodent Species. Microclones were analyzed for homology with rodent species. Among 400 microclones analyzed, 76 (19%) showed cross-hybridization with rodent DNA (either Chinese hamster or mouse or both) ( Fig. 1 C and E) . Because we used our standard stringent hybridization conditions in these experiments, some microclones with weaker homologies would not be detected.
Refined Regional Mapping of Unique Sequence Microclones Using Cell Hybrids and Southern Hybridization. Microclones were hybridized to blots containing DNAs from various hybrids containing parts of chromosome 21. Fig. 2 summarizes the regional assignments of 64 unique sequence microclones derived from the microdissection libraries. It can be seen that the number of microclones assigned to 21q11-21 has been greatly enriched, as compared with those previously described (8) (9) (10) .
Methylation Analysis. Fig. 3 shows the human genomic fragment sizes cleaved by either HpaII or MspI using unique sequence probes from 21q11-21. Only microclones that showed single unique bands on human DNA were used. Among 43 microclones analyzed, 39 clones (90.7%) showed methylation patterns in the probed region and only 4 clones (9.3%) exhibited no apparent methylation patterns.
Identification of Human Genes͞cDNAs in 21q11-21 by Sequence Homology Search. Complete sequencing was done for microclones with inserts of 400 bp or less, and partial sequencing from 5Ј end was done for longer inserts. About 400 microclones from 21q11-21 were sequenced and searched in databases; 10 were found with high homologies to known genes or cDNAs (Table 1) . Only microclones with high homologies (P ϭ Ͻ1.0e-16) to both DNA and protein sequences were included. Microclones that have homologies with genes in DNA only, or protein only, were not included. For the cDNA match, only the DNA sequence was used.
Six microclones have high homologies with five known genes at both DNA and protein levels (Table 1) . Interestingly, microclone SB-97 (187 bp insert) matches well (186͞187 nt or 99% identity; P ϭ 3.1e-71) with the human STCH gene, which encodes the ATPase core of a microsomal stress 70 protein. This gene is a member of the stress 70 chaperon family involved in the ATP-dependent processing of cytosolic and secretory proteins. The STCH gene was previously mapped to 21q11.2 (23) and shown to be expressed in many cell types. In this study, we also demonstrated its expression in multiple tissues with two messages (4.2 and 2.1 kb) detected by SB-97 (the same as the two bands detected by cDNA clone CSA in Fig. 4E ). In addition, our regional mapping not only confirmed the previously reported location of STCH between breakpoints 2Fur1 and 6;21 in 21q11.1 (23) , but further refined the location to lie between breakpoints ACEM and 6;21 (Fig. 2) . SB-97 yielded a single 14-kb HindIII band in both human and chromosome 21 DNA, with several extra bands in human DNA only.
Microclone SA-103 corresponds (with 165͞187 nt or 88% homology) to the gene for farnesyl pyrophosphate synthetase (FPS), an enzyme involved in cholesterol biosynthesis. It yielded a 9.6-kb band in both human DNA and chromosome 21, with four extra bands in human DNA only, indicating that several gene family members on other chromosomes as previously described (24, 25) .
Two Microclone SB-487 corresponds (with 181͞199 nt or 90% homology) to the gene for human extracellular signalregulated protein kinase 3 (ERK3), a member of the gene family involved in converting tyrosine phosphorylation into the serine͞threonine phosphorylation cascades (26) . These genes may be activated in response to a wide variety of extracellular stimuli, and individual family members may exert unique actions in different cell types or during different developmental stages. SB-487 yielded a single dark band at 6.5 kb in both human DNA and chromosome 21, plus two light bands in human DNA only, and detected a 4.3-kb mRNA band in fetal heart, brain, lung, liver, and kidney (data not shown).
Microclone SB-494 corresponds (with 187͞227 nt or 82% homology) to the gene for human zinc finger͞leucine zipper protein AF10, a novel class of transcription factors (27) . AF10 encodes a protein with an N-terminal zinc finger region and a C-terminal leucine zipper. This gene is frequently involved in the t(10;11)(p12;q23) translocation of acute myeloid leukemias (27) . SB-494 yielded six dark bands in human DNA and a single light band in chromosome 21. Each of the dark bands in human DNA could represent a cluster of several copies of the gene. However, chromosome 21 appears to have only one copy.
Three microclones have identical or near-identical homologies with previously reported cDNAs in the database. Microclone MB-8 yielded a single 5.4-kb band in human DNA and chromosome 21. It is identical to cDNA C-38h09 (P ϭ 2.1e-43), which was previously isolated by Genethon from the normalized infant brain cDNA library of B. Soares (Columbia University) but not mapped. The 195-bp insert in MB-8 has 100% homology with the 345-bp cDNA. Thus, this cDNA can now be assigned to chromosome 21. Using the cell hybrid mapping panel, we further localized this cDNA to Subregion II, within ACEM and 6;21 breakpoints (Fig. 2) . MB-8 showed positive expression in fetal liver (8.5 kb), but not in fetal brain, lung, and kidney (data not shown). Microclone MA-45 yielded two bands (3.8 and 2.9 kb) in both human and chromosome 21 DNA, with several extra bands in human DNA only. We mapped the 3.8-kb band to Subregion III. This microclone is almost identical (86͞88 nt or 97% homology) to cDNA JJ5383 (173 bp) isolated from a fetal heart cDNA library (University of Toronto). Microclone SA-292 yielded a single 6.4-kb band in human and chromosome 21 DNA. No other bands were found in human DNA. It is nearly identical (94-100% homology for different parts of the sequence) to cDNA 112113 (386 bp) isolated from a fetal liver spleen cDNA library of B. Soares, and sequenced by the Washington University-Merck EST Project (accession no. T91946). Northern blot analysis showed that MA-45 detected a 1.35-kb band in all tissues tested (the same as the band detected by cDNA clone CG-6A in Fig.  4D) .
Overall, among the nine genes͞cDNAs identified by homology analysis (Table 1) , at least four genes͞cDNAs are certain to be expressed and encoded by 21q11-21: SB-97͞STCH, SB-487͞ERK3, MB-8͞c-38h09, and MA-45͞JJ5383. Two other microclones possibly encode expressed genes͞cDNAs on 21q11-21: MB-4͞␣-tubulin and SA-292͞112113. The remaining three microclones, SA-103͞FPS, SB-494͞zinc finger, and SB-66͞cytokeratin 18, failed to show detectable expression so far and require further verification.
Isolation of cDNA by Direct Screening of a Fetal Brain cDNA Library Using Unique Sequence Microclones from 21q11-21. After screening a cDNA library with 120 unique sequence microclones, 12 positive plaques were isolated and purified. Seven of these cDNAs analyzed thus far exhibited unique sequence patterns on chromosome 21. They were further mapped to the following refined regions within 21q11-21: CG-4C (insert 1.0 kb) to Subregion III, CG-5B (2.3 kb) to Subregion III, CG-6A (1.1 kb) to Subregion III, CG-55 (1.5 kb) to Subregion III, CSA (3.0 kb) to Subregion II, CSA-10 (1.8 kb) to Subregion II, and CG-2A (2.2 kb) to 21q11-21. Two of these cDNAs were also identified by the following microclones: CG-6A identified by microclone MA-45͞JJ5383 and CSA identified by SB-97͞STCH. In addition, CSA-10 was identified by microclone SA-10 and CG-55 identified by MB-55. A database search of the partial sequences of four of these cDNAs (CG-2A, CG-5B, CG-6A, and CG-55) revealed no homology with known genes͞cDNAs, and is thus likely novel.
Northern Blot Analysis of cDNAs for Tissue Expression and mRNA Size Determination. The above seven cDNAs were analyzed by Northern hybridization and the results are shown in Fig. 4 . It can be seen that these cDNAs are expressed in various tissues in different amounts, from which the mRNA sizes were determined. Table 2 summarizes the genomic analysis of the 21q11-21 region using more than 2,500 microclones from the libraries specifically constructed for this region. The 21q11-21 region has been generally regarded as gene poor since it contains relatively lower GC content and fewer CpG islands (2) (3) (4) (5) , and only five genes and very few cDNAs have so far been identified for this region of approximately 20 Mb (12-15, 23, 28-31) . In contrast, more than 50 genes and over 200 cDNAs have been identified in the 21q22 region of similar size (ref. 32 and § ). Our study employing homology search and direct cDNA screening by using a fraction of the unique sequence microclones from 21q11-21 has uncovered 18 potential genes͞cDNAs, of which at least nine are certain to be expressed and encoded by 21q11-21. These nine genes͞ cDNAs include: 4 (of 9) from homology analysis and 7 (of 12) from cDNA screening; of these 11, 2 derived from homology analysis were the same as the 2 cDNAs isolated from cDNA screening. Thus, while it is true that 21q11-21 may be poor in housekeeping genes as reflected by fewer CpG islands, this region appears not totally deficient in genes, especially gene family members, and the genes may not be all silent.
DISCUSSION
Another significant finding in this study is the high degree of methylation in the 21q11-21 region as revealed by the use of unique sequence microclones from 21q11-21, which detected methylation patterns in over 90% of the region. This is in contrast to the general methylation levels of about 60% in mammalian genomes (33) . The high degree of methylation in this region may lead to chromatin condensation as shown in 21q11-21 (34) , which in turn could explain some of the unique features observed in this region, i.e., late replication, DNase insensitivity, low activity in recombination and in transcription, and fewer natural and induced breakpoints (1). Chromatin condensation in 21q11-21 could also lead to gene sequestration and inactivity (34) . More importantly, the genes in this region may be readily rendered inactive by mechanisms like methylation, and also become active by demethylation. This simple and direct regulatory mechanism is particularly useful for the gene family members whose expression appears to depend on special needs or during specific developmental stages. In this study, the genes identified by sequence homology analysis are mostly as gene family members in which methylation may play an important role in regulation. In addition, the other five genes previously assigned to 21q11-21 are also members of gene families including (i) APP in the amyloid precursor protein family (28), (ii) enterokinase (serine protease 7) in the serine protease family (29) , (iii) NCAM-21 in the neural cell adhesion molecule family (30), (iv) RAP140 in the transcription factor family (31), and (v) STCH in the stress 70 chaperon family (23) . However, whether these genes are regulated by methylation remains to be elucidated. The 21q11-21 region contains as much as 24% middle repetitive and 18% low-copy sequences. The presence of such high proportions of middle and low-copy repetitive sequences in 21q11-21, together with the high level of methylation in this region, may have evolutionary significance in the genome organization, stability, and function of this region (35, 36) . About 12% (out of 18% total) of the low-copy repeats analyzed in this study were homologous to endogenous movable sequences including retroviral transposable elements. Thus, the methylation pattern in this region might be initiated by the invasion of such movable elements that activated a methylation-silencing defense system against parasitic sequences in the human cell (35) . On the other hand, the high degree of methylation in 21q11-21 may offer a mechanism to stabilize the structure of this region during evolution by diversifying duplicated sequences through mutation (e.g., from methylated cytosine to thymine), resulting in the reduction of recombination-mediated chromosome rearrangements (36) . The complex repetitive sequences in 21q11-21 may also cause ineffective isolation of cDNAs by methods such as cDNA hybridization selection (12) (13) (14) (15) . Because we used only unique sequence microclones in our direct cDNA screening, it might have overcome this sequence complexity and yielded cDNAs from this region.
Due to the high mutation rate of methylated cytosine to thymine (C to T transition) by deamination (37), it is reasonable to assume that hypermethylation in 21q11-21 may lead to CpG dinucleotide depletion and may result in a region low in GC content and CpG islands. In accordance with this interpretation, extensive studies have shown that 21q11-21 is indeed GC poor and with few CpG islands (1) (2) (3) (4) (5) . Furthermore, recent studies by hybridization selection using yeast artificial chromosome and cosmid clones spanning a large portion of 21q11-21 uncovered only a few genes or cDNAs (12) (13) (14) (15) . Thus, this region has been generally viewed as a desert for genes͞ cDNAs and is perhaps full of meaningless sequences. However, our studies demonstrated that this region, although not gene rich, is not completely devoid of novel genes, particularly gene family members. Moreover, the high level of methylation in this region may play a unique role in the regulation of expression of the genes in this region, particularly during early development (38) . Since certain DS abnormalities, including mental retardation, are associated with 21q11-21, the genes residing in this region should be carefully examined. In particular, the presence of three copies of genes in DS individuals may seriously disturb the delicate balance in methylation and demethylation of these genes during critical embryonic development stages and may result in specific DS pathologies.
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